Allogeneic hematopoietic stem cell transplantation (allo-HSCT) can provide long-term remission for patients with adult T-cell leukemia/lymphoma (ATLL) caused by human retrovirus, human T-lymphocyte virus (HTLV-1). To understand how HTLV-1-positive cells including ATLL cells were suppressed by allo-HSCT, we examined HTLV-1 provirus load and residual ATLL cells in peripheral blood of transplant recipients using PCRbased tests. We found that the copy number of HTLV-1 genome, called provirus, became very small in number after allo-HSCT; however, in most cases, provirus did not disappear even among long-term survivors. Tumor-specific PCR tests demonstrated that most of HTLV-1-positive cells that remained long after transplantation were not primary ATLL cells but donorderived HTLV-1-positive cells. We also found a case having very low amount of residual disease in peripheral blood even long after transplantation. There was only one recipient in whom we failed to show the presence of HTLV-1 genome and antibody against HTLV-1 even with an extensive search, which strongly suggested the elimination of HTLV-1 after allo-HSCT. These results demonstrated that after allo-HSCT the small amount of residual HTLV-1-positive cells were heterogeneous in origin and that long-term disease control for ATLL could be obtained without the complete elimination of HTLV-1.
Introduction
Adult T-cell leukemia/lymphoma (ATLL) is a peripheral T-cell lymphoma caused by a retrovirus, human T-lymphocyte virus (HTLV-1), which randomly integrates into the genome of infected T cells. [1] [2] [3] The HTLV-1 genome in T cells, called provirus, has been utilized for the diagnosis of the disease caused by or the carrier state of HTLV-1. For example, Southern blot analysis of HTLV-1, when it demonstrates a monoclonal proliferation of cells infected with HTLV-1, provides the strongest evidence for the diagnosis of ATLL. 4 Southern blot analysis usually detects a monoclonal population composed of 3-5% of total cells, which is generally enough to diagnose ATLL.
On the other hand, polymerase chain reaction (PCR)-based tests detect HTLV-1 genome with much higher sensitivity than Southern blot analysis, allowing us to monitor a small amount of HTLV-1 provirus load. 5, 6 The clinical course of ATLL widely differs by clinical subtypes (acute, lymphoma, chronic and smoldering). The prognoses of acute and lymphoma types are very poor when treated with conventional or even high-dose chemotherapy; 7, 8 however, with allogeneic hematopoietic stem cell transplantation (allo-HSCT), a long-term clinical remission (CR) is achievable as reported from several groups including ours. [9] [10] [11] For example, among cases with acute ATLL, allo-HSCT reduced the volume of tumor cells in the peripheral blood to undetectable level when tested by morphological examination or Southern blot analysis, suggesting that the reduction of ATLL cells was less than 5% of WBC, as we reported previously. 11 In this study, as an extension of our previous report, to understand how small the population of HTLV-1-positive cells would become after allo-HSCT and to test whether HTLV-1 could be eradicated, we investigated HTLV-1 provirus load and the minimum residual disease (MRD) in 22 cases of ATLL using PCR-based gene amplification. Since PCR for HTLV-1 provirus picked up not only ATLL cells, but also all cells infected with HTLV-1, including polyclonal non-ATLL cells, we introduced a specific PCR method to detect ATLL cells utilizing a unique integration site of HTLV-1 in each ATLL case.
We found that cells carrying HTLV-1 existed at the very low level in peripheral blood of long-term survivors after allo-HSCT. Most of them were donor-derived cells, but MRD was simultaneously present only in one case. We also experienced a single case in which anti-HTLV-1 antibodies became negative with no HLTV-1 genome amplified with PCR-based tests, suggesting the eradication of HTLV-1.
Patients and methods

Clinical features of patients with ATLL
The diagnosis and classification of ATLL was based on the criteria proposed by the Lymphoma Study Group of Japan. 12 Twenty-two patients with the diagnosis of acute or lymphoma type ATLL who received allo-HSCT in three hospitals in Nagasaki, an endemic area of HTLV-1 in Japan, between September 1997 and May 2004 were included in this study. Table 1 summarizes the clinical characteristics of these patients. Median age of the patients was 48 years. In 21 of all 22 cases, donor-derived hematopoiesis was obtained (Table 2) .
Only one patient (case 21) did not achieve CR after allo-HSCT and seven patients experienced a relapse of ATLL. At the time of analysis, 11 patients were alive and nine of these patients remained in CR.
Quantitative measurement of HTLV-I provirus load in peripheral blood
Peripheral blood samples were collected from the patients after they gave a written informed consent. Genomic DNA was extracted from mononuclear cells (MNC) of peripheral blood using the QIAGEN DNA Midi Kit (QIAGEN, Hiden, Germany) and from paraffin-embedded sample using DEXPAT (TAKARA BIO INC, Shiga, Japan). Quantitative measurement of HTLV-1 provirus was performed with real-time quantitative PCR (RQ-PCR) using the LightCycler System and DNA Master Syber Green I (Roche diagnostics, Mannheim, Germany) as reported previously. 13 In brief, 30 ng of genomic DNA was used as a template and the copy number of HTLV-1 provirus was assessed by the ratio of the amount of tax region of HTLV-1 and that of beta globin gene (tax copies/MNC ¼ 2 Â copy number of tax/ copy number of beta-globin gene). The mean value of two Abbreviation: aGVHD, acute GVHD; cGVHD, chronic GVHD; NE, not eligible.
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experiments was shown as the copy number of HTLV-1 provirus load. Figure 1 shows the correlation between the ratios of the positive control plasmid containing tax region in the irrelevant plasmids and the results of RQ-PCR tests in a log-scale graph. A statistically significant correlation was found (r ¼ 0.89, Po0.001). This system could quantify one copy of the tax gene in 5000 cells.
Detection of primary ATLL cells with inverse PCR
To detect the residual ATLL cells, we performed an inverse PCR as reported by Takemoto et al.
14 that amplified the integration site of HTLV-1 in the genome of tumor cells whose sequence was then utilized to establish case-specific PCR primers that amplified a part of HTLV-1 (LTR) and the franking region. Each PCR in this study could at least detect one primary ATLL cell among 10 000 normal cells. PCR condition and the DNA sequence of the primer sets in nine cases tested are available upon request.
Colony formation and the expansion of HTLV-I-infected cells to test the origin of those cells
Previously, we established a method to clonally amplify HTLV-Iinfected cells. 15 In brief, MNC in the peripheral blood were cultured in semisolid media containing 0.93% methylcellulose dissolved in Iscove's modified Dulbecco's medium (IMDM) supplemented with 20% fetal calf serum (FCS) and 200 ng/ml of recombinant human interleukin (rhIL)-2 (TECHNE Corp., Minneapolis, MN, USA). After three weeks of culture, each colony grown in the semisolid media was picked up individually and transferred to liquid culture (IMDM with 20% FCS and 20 ng/ml of rhIL-2) for clonal expansion. All cell culture was performed at 371C with 5% CO 2 . The origin of cells (donor or recipient) was assessed by means of sex mismatch (using Y chromosome specific SRY gene detection) or the difference of the number in short tandem repeat (STR method).
Results
Quantitative measurement of HTLV-I provirus after allo-HSCT
A total of 86 samples in 22 patients were collected; samples per patient were from 1 to 10 (median 3.5 samples) with median sampling time of 6 months from transplant (0.5 month to 8.3 years). The copy numbers of HTLV-1 provirus in each case are shown in Figure 2a and b. Most of the samples contained a low amount of HTLV-1 provirus, except for two conditions: (1) Figure 1 Correlation of the ratio of tax copy number between control plasmid and the quantification using RQ-PCR. Control plasmids containing the tax region of HTLV-1 were serially diluted with plasmids containing irrelevant sequence (beta-globin) and the ratio of target plasmid was quantified using the RQ-PCR method. 2, 3, 4, 10, 12, 16, 17 and 18) . However, in all seven cases tested later, the copy number of HTLV-1 provirus became detectable again. At the time of the last follow-up, provirus load was below the detection level in only two cases (case numbers 16 and 17) . The provirus load during the early period following transplantation was not related to the type of conditioning regimen, disease status before the transplantation or the duration of survival. There was no statistically significant association between provirus loads and the development of severe acute GVHD (data not shown). No specific pattern in the kinetics of virus load was noticed among long-term survivors or among patients that experienced relapse.
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Analysis of MRD in the peripheral blood
As a low level of HTLV-1 provirus load was detected in the peripheral blood of most patients, we tested whether primary ATLL cells remained as MRD using specific PCR for primary ATLL cells, which amplified a unique franking genomic region of the HTLV-1 integration site in each case. In nine cases (cases 1, 5, 9, 10, 15, 18, 19, 21 and 22), 34 samples were analyzed with this method (Table 3 and Figure 3 ). Although the sensitivity of the inverse PCR varied from case to case, the amount of MRD that could be detected by this method was always below the provirus load quantified by RQ-PCR in every sample (data not shown).
Eighteen out of 19 samples collected after this period were negative for MRD regardless of the presence of HTLV-1 provirus. An exception was the sample taken at the time of relapse that took place 8.3 years after transplantation in case 1. CR was continuously maintained in this case and the peripheral blood samples at 6 and 7 years from transplantation were negative in the MRD test. A subcutaneous tumor, which developed at relapse, consisting mostly of CD4-positive cells, had the same integration site of HTLV-1 as primary ATLL cells, demonstrating that the primary ATLL cells had persisted for more than 8 years as MRD.
Analysis of the origin of cells carrying HTLV-1 provirus
Although most of the cells carrying provirus were HTLV-1-infected cells and were not derived from ATLL clones, these findings raised the question of whether these infected cells derived from recipients or donors. To answer this question, we cultured peripheral blood MNC in semisolid media in the presence of rhIL-2 to clonally expand cells infected with HTLV-1. Among 10 cases that maintained CR more than a year, samples were obtained from eight cases. In five out of eight cases, we could establish 30 cell lines (Table 4) . Each cell line contained HTLV-1 provirus (data not shown).
In case 20, in which the graft was rejected after transplantation, all eight cell lines were derived from the recipient cells. Among other four cases, 22 out of 23 cell lines were found to originate from the donor cells including one cell line of case 1 that received transplantation from a noncarrier donor. In case 5, despite long-term CR (4.5 years) and complete donor chimerism in the peripheral blood, there was one cell line (one of seven cell lines) that derived from a recipient. By using the established cell line of recipient origin, we determined the franking genomic sequence of HTLV-1 integration site and set up the inverse-PCR. It was applied retrospectively to the genomic DNA extracted from a paraffin-embedded lymph node, which was a biopsy sample for the initial diagnosis in case 5. The lymph node HTLV-1 provirus after allo-transplant for ATLL R Yamasaki et al sample had the same integration site of HTLV-1 as the cell line established 4.5 years after transplantation. Although two peripheral blood samples taken 4.5 years after transplantation were negative for this inverse-PCR, the colony-formation method could detect MRD in the same sample in case 5.
Negative results in the tests for HTLV-1 infection in case 16
In cases 16 and 17, at the time of the last follow-up, HTLV-1 provirus load was below the sensitivity of PCR (1 provirus/10 5 cells). However, the test for antibody against HTLV-1, which is widely used to demonstrate the infection with HTLV-1, was found to be negative only in case 16 (Table 5) . Three different methods (Western blotting, particle agglutination and fluorescent antibody test) failed to demonstrate antibodies against HTLV-1 in this case. PCR tests for other parts apart from tax of HTLV-1, gag and env regions, were also negative. All extensive searches for HTLV-1 infection became negative 2.3 years after transplantation and remained negative 8 months later, 3.1 years from transplantation when this manuscript was written.
Discussion
In the present study, we measured HTLV-1 provirus load, detected MRD and determined the origin of HTLV-1 positive cells in the peripheral blood in 22 cases with ATLL treated with allo-HSCT. The HTLV-1 provirus load was reduced at least once to low levels (less than 1000 copies/10 5 cells) in most cases even among those who were transplanted in the status other than CR or those who received a reduced-intensity conditioning. These results showed a strong anti-ATLL effect of allo-HSCT in the short period after transplantation. The average dose of HTLV-1 provirus was significantly higher among cases transplanted from HTLV-1 carrier donors, suggesting the carryover of the virus positive cells from the donors. However, the level of provirus load after transplant did not always correlate to the final clinical outcome. Surprisingly, among most of the patients who survived more than 2 years, HTLV-1 provirus was detectable, although at a lower level, by PCR in their peripheral blood. Contrary to our results, Hishizawa et al. 16 using a quantitative PCR method similar to ours, reported the kinetics of HTLV-1 provirus load after allo-HSCT in five cases with ATLL, and they showed that HTLV-1 provirus load was undetectable in two cases in continuous CR. Major differences between their report and ours are the length of the follow-up period (1-15 and 1-84 months) and the number of patients (five and 22 cases). The longer observation periods and larger case number in our study might have facilitated the notice of the reappearance of HTLV-1-positive cells after allo-HSCT.
In contrast with the frequent positive results of provirus load, MRD of primary ATLL was rarely detectable after transplantation. In particular, after 6 months from transplantation, all samples of five cases tested during remission were negative for the MRD test despite the detectable level of provirus load, clearly demonstrating the presence of HTLV-1-positive cells other than ATLL in the peripheral blood of these patients.
HTLV-1-positive cells present in the recipients after allo-HSCT could be theoretically categorized into four groups: (1) MRD of primary ATLL cells, (2) . In some cases, we assumed that donor CD4-positive T cells were infected de novo with HTLV-1 in the recipient's body after transplantation as observed in case 1. Virus transmission into donor lymphocytes was described previously and our observation supported this report. 17 In case 1, the MRD tests in the peripheral blood were negative in both samples taken at 6 and 7 years from transplantation; however, ATLL relapsed clinically as a subcutaneous tumor after 8 years of continuous CR. With the same integration sites of HTLV-1 in the primary and relapsed tumor cells, it was apparent that the primary ATLL cells remained somewhere in the body for more than 8 years after allo-HSCT and that negative tests for MRD in the peripheral blood did not necessarily indicate eradication of ATLL even long after transplantation.
On the other hand, in case 16, even with the extensive search for HTLV-1 provirus by PCR for various parts of HTLV-1 genome, we failed to demonstrate its presence in the peripheral blood. The antibody against HTLV-1 also became negative only in this case. So far, there has been no evidence to show the presence of HTLV-1 in this case for more than 8 months. There was a previous report of the eradication of HTLV-1 from a carrier who received allo-HSCT for pure red cell aplasia. 18 The tests for the virus performed in case 16 were almost the same as used in this report, suggesting that HTLV-1 was cleared off from the body after allo-HSCT in this case, indicating eradication of both ATLL cells and carrier T cells of HTLV-1 simultaneously by allo-HSCT.
Recently, we reported that allo-HSCT would bring about graftversus-ATLL (GvATLL) effect even without clinically obvious graft-versus-host disease (GVHD). 10 GvATLL could be achieved when a specific immune response targeting HTLV-1 was initiated, such as cytotoxic T cells for tax protein as Harashima Positive  UD  UD  UD  PCR test for gag region  NT  NT  NT  NT  UD  UD  UD  PCR test for env region  NT  NT  NT  NT  UD  UD  UD  IL-2-dependent CFC  NT  NT  NT  NT  2 colonies  0  0 Abbreviations: CFC, colony-forming cell; NT, not tested; UD, undetectable. a Undetectable with three different methods; Western blotting, particle agglutination and fluorescent antibody test.
HTLV-1 provirus after allo-transplant for ATLL R Yamasaki et al et al. 19 reported. It is also possible that allogeneic immune reaction against recipient cells contributed to GvATLL effect even without HTLV-1-specific immune reactions as seen in transplantations from carrier donors. As most long-term survivors were positive for HTLV-1 provirus and anti-HTLV-1 antibody, our observation suggested that GvATLL had an effect on ATLL cells but not HTLV-1 provirus in most cases. Allogeneic immune reaction without clinically apparent GVHD might be enough to suppress ATLL cells in these situations.
In summary, allo-HSCT for ATLL profoundly reduced provirus load of HTLV-1 in recipients; however, small amounts of HTLV-1-positive cells that remained in long-term survivor were heterogeneous in origin. We also experienced the single case in which HTLV-1 seemed to be eradicated with allo-HSCT. Thus, it was suggested that the way allo-HSCT suppressed and controlled ATLL and HTLV-1 itself was not simple but heterogeneous from case to case. Further analysis is necessary to understand how ATLL is controlled by allo-HSCT through GvATLL effect, and to find how this effect be controlled and enhanced.
